Context. The rotation states of small asteroids are affected by a net torque arising from an anisotropic sunlight reflection and thermal radiation from the asteroids' surfaces. On long timescales, this so-called YORP effect can change asteroid spin directions and their rotation periods. Aims. We analyzed lightcurves of four selected near-Earth asteroids with the aim of detecting secular changes in their rotation rates that are caused by YORP or at least of putting upper limits on such changes. Methods. We use the lightcurve inversion method to model the observed lightcurves and include the change in the rotation rate dω/dt as a free parameter of optimization. To enlarge the time line of observations and to increase the sensitivity of the method, we collected more than 70 new lightcurves. For asteroids Toro and Cacus, we used thermal infrared data from the WISE spacecraft and estimated their size and thermal inertia by means of a thermophysical model. We also used the currently available optical and radar astrometry of Toro, Ra-Shalom, and Cacus to infer the Yarkovsky effect. Results. We detected a YORP acceleration of dω/dt = (1.9 ± 0.3) × 10 −8 rad d −2 for asteroid Cacus. The current astrometric data set is not sufficient to provide detection of the Yarkovsky effect in this case. For Toro, we have a tentative (2σ) detection of YORP from a significant improvement of the lightcurve fit for a nonzero value of dω/dt = 3.0 × 10 −9 rad d −2 . We note an excellent agreement between the observed secular change of the semimajor axis da/dt and the theoretical expectation for densities in the 2-2.5 g cm −3
Introduction
The rotation state of small ( 30 km) asteroids can be affected on long timescales by a net torque that is caused by directly scattered sunlight and thermal radiation from the surfaces of the asteroids. This so-called YORP effect can change the directions of the rotation axis and the rotation rates (Bottke et al. 2006; Vokrouhlický et al. 2015) and has direct consequences for the distribution of asteroid rotation periods ) and obliquities (Hanuš et al. 2013; Pravec et al. 2012b) . The YORP effect is also believed to be the driving mechanism for creating asteroid binaries and pairs by rotation fission (Pravec et al. 2010; Margot et al. 2015) .
In a similar vein, orbits of small asteroids are affected by the Yarkovsky effect, a net reaction force from the thermal radiation of a rotating body with nonzero thermal inertia; it has crucial consequences for the evolution of the main asteroid belt, for the supply of the near-Earth asteroid (NEA) population, and for impact hazard assessment (see the review by Vokrouhlický et al. 2015) . The Yarkovsky drift has been detected for more than A&A proofs: manuscript no. YORP_detections one hundred near-Earth asteroids (e.g., Farnocchia et al. 2013; Greenberg et al. 2017) .
While the evolution of the spin axis cannot be detected from current photometric data, a change in the rotation rate can be detected because time-resolved photometry is very sensitive to even a small secular change in the rotation period. So far, YORP-driven acceleration of the rotation period has been directly detected in five asteroids (see the review by Vokrouhlický et al. 2015) and there are indirect detections of YORP-driven evolution of spins of members of asteroid families (Vokrouhlický et al. 2003; Carruba et al. 2016; Paolicchi & Knežević 2016) . Additional direct detections are needed if we want to compare real values of YORP with those predicted by theoretical models (Rozitis & Green 2013; Golubov et al. 2014; Lowry et al. 2014; Ševeček et al. 2015 , for example). The YORP-driven evolution of asteroid rotation plays a crucial role in the dynamical evolution of the whole asteroid population and only new measurements of the YORP effect together with theoretical models will enable us to create a selfconsistent model of this process.
To enlarge the sample of asteroids with a YORP detection, we analyzed archival lightcurves and new data of four NEAs that, according to the estimated YORP magnitude, should have a detectable deviation from the constant-period rotation. We also reevaluate observation constraints for the Yarkovsky effect and put them into context with the size and thermal inertia we derived for our targets.
YORP detection through lightcurve inversion
To look for possible secular changes in the rotation period, we used the lightcurve inversion method of Kaasalainen et al. (2001) . Kaasalainen et al. (2003) slightly modified the method so that it included one more free parameter in the optimization: the change of the rotation rate υ = dω/dt. We applied this modified lightcurve inversion to archived photometric lightcurves (references given below) and our new observations (Tables 1-4) . For each asteroid, we reconstructed its convex shape model and tested whether a nonzero υ value provides a significantly better fit to the data than a model with constant period (υ = 0). We estimated the uncertainties of the derived parameters with the same approach asĎurech et al. (2012) from the χ 2 distribution with a given degrees of freedom. If not stated otherwise, the reported uncertainties are 1σ.
(3103) Eger
This is one of five asteroids in which YORP has been detected. Ďurech et al. (2012) determined the YORP acceleration to υ = (1.4±0.6)×10
−2 (3σ error), and included a "warning" that data from upcoming apparitions would be needed to confirm this detection. By adding more observations from 2014 and 2016 (Warner 2017 ) and our two lightcurves from 2017 (see Table 1 ), we confirmed previous results and derived an updated value υ = (1.1 ±0.5) ×10 −8 rad d −2 (3σ error) with slightly better precision. For a realistic estimate of the uncertainty interval, we used the same approach as Vokrouhlický et al. (2011 Vokrouhlický et al. ( , 2017 by assuming that the 3σ uncertainty interval is defined by all solutions with χ 2 < (1+3 √ 2ν) χ Dependence of the goodness of the fit measured by the reduced χ 2 on the YORP parameter υ for asteroid Eger. The best fit is for υ = 1.1 × 10 −8 rad d −2 . The dashed curve is a quadratic fit of the data points. The dashed red line indicates a 6% increase in the χ 2 , which defines our 3σ uncertainty interval given the number of degrees of freedom. The new convex shape model is very similar to that published byĎurech et al. (2012) . However, we recall that to significantly decrease the uncertainty of the υ value, it is necessary to extend the data arc with observations from the next apparitions.
(1685) Toro
For Toro we used archived lightcurves from 1972 (Dunlap et al. 1973 ), 1998 (Hoffmann & Geyer 1990 ), 2007 (Higgins 2008 ), 2008 (Higgins 2011 Oey 2011 (Warner 2013 , and we also observed new lightcurves (see Table 2 ). From this data set, we reconstructed the shape model (Fig. 2) , the rotation period P = (10.19782 ± 0.00003) hr for 8.5 July 1972 (the date of the first photometric observation), the pole direction (λ, β) = (71 ± 10 • , −69 ± 5
• ) (corresponding to obliquity ǫ = 161 ± 6 . To confirm this tentative YORP detection, additional data from future apparitions are needed. The fit to the selected lightcurves is shown in Fig. 3 .
To better characterize this asteroid, we also used observations of the Wide-field Infrared Survey Explorer (WISE) satellite (Wright et al. 2010; Mainzer et al. 2011) . WISE observed Toro in two epochs (10 February and 15 July) in 2010, the data from the W3 (11 µm) and W4 (23 µm) filters are available through the • apart) and pole-on (right).
IRSA/IPAC archive. We checked the data against the quality and reliability criteria described in Alí-Lagoa et al. (2016) . Using our shape model and spin parameters, we applied the thermophysical model of Lagerros (1996 Lagerros ( , 1997 Lagerros ( , 1998 to derive the thermophysical properties. The best fit with the reduced χ 2 = 1.4 is for thermal inertia 260
, high roughness, and albedo 0.13 ± 0.03, assuming the values H = 13.9 mag and G = 0.11 from the database of asteroid absolute magnitudes and slopes (Muinonen et al. 2010; Oszkiewicz et al. 2011) . The size of the asteroid is 3.5
−0.4 km, which is in good agreement with the mean effective diameter of ∼ 3.3 km derived by Ostro et al. (1983) from radar observations. The fit to the data is shown in Fig. 4 .
(161989) Cacus
The first lightcurves of Cacus come from 1978 observations of Schuster et al. (1979) and Degewij et al. (1978) . During 2003, the asteroid was observed from Ondřejov observatory; Koehn et al. (2014) observed one lightcurve in 2009; and we observed this asteroid in 2014-16 at La Silla. The whole set covers 20 years and five apparitions (see Table 3 ). On 17 February 2015 we measured the color index in the Johnson-Cousins photometric system (V − R) = (0.486 ± 0.015) mag. From observations taken on 8 and 15 December 2015, we derived the mean absolute magnitude H = (17.51±0.19) mag assuming the phase slope parameter G = 0.24 ± 0.11, which is the mean G value for S-and Q-type asteroids (Pravec et al. 2012a ).
We applied the lightcurve inversion to the photometric data set and derived a unique shape model. The fit to lightcurves with υ = 0 was not satisfactory, but if we allowed the rotation rate to change, we got a significantly better fit (see Fig. 5 ). Our final model has the pole direction λ = (254 ± 5)
• (corresponding obliquity is ǫ = 178±3
• ) and rotation period P = (3.755067 ±0.000002)hr for 28.5 February 1978. The best value for the change in the rotation rate is υ = (1.9±0.3)×10
The shape model is shown in Fig. 6 .
In Fig. 7 , we show the phase shift between the best constantperiod model (P = 3.755054 hr) and the real data. For each observed lightcurve, we created a corresponding smooth synthetic lightcurve produced by the best-fit constant-period model and then computed the phase shift of synthetic data that produced the best match between the two lightcurves. These values are shown in the plot together with the error bars estimated from the number of points and the level of noise in each lightcurve. If YORP changes the rotation rate, this O − C difference should be a quadratic function of time. The trend is not very clear mainly because of three lightcurves from 2003, but they have large error bars and a small number of points, so their contribution is less significant. The formal YORP coefficient obtained by fitting a second-order polynomial to the phase-shift points in Fig. 7 is 1.0 × 10
The detection of the YORP acceleration is critically dependent on the first two lightcurves from 1978. If we exclude them from the data set, the observations span only 13 years and the difference between the constant period and YORP model is not statistically significant: both models provide essentially the same fit to the data and the phase offset between the models for υ = 1.9 × 10
However, because the two lightcurves were obtained by independent observers and instruments Schuster et al. 1979) , it is not likely that they were both shifted in time the same way to mimic the YORP effect.
Similarly to Toro, we also used observations of the WISE spacecraft, which observed Cacus in 2010. Using our shape model and spin parameters, we applied the thermophysical model and derived the thermophysical properties. Because the thermal data in W4 filter have large uncertainties, they only provide loose constraints to the thermal inertia and the size of the asteroid. The best fit with the reduced χ 2 = 0.7 is for a thermal inertia around 500-800 J m with low to medium surface roughness provide a very good fit to the data (Fig. 8) . The modeled size of Cacus is (1.0 ± 0.2) km, which gives the albedo p V = 0.18 ± 0.08.
(2100) Ra-Shalom
The modeling of Ra-Shalom aiming at YORP detection was done byĎurech et al. (2012) who used the data set from 1978 to 2009. We extended the set with lightcurves from two additional apparitions in 2013 and 2016 (see Table 4 ). On 8 October 2016 we measured the color index in the Johnson-Cousins photometric system (V − R) = (0.398 ± 0.010) mag. There is still no detectable signal of a YORP torque; the YORP model provides virtually the same χ 2 as the constant period model. However, with the enlarged time line, we were able to reduce the 3σ uncertainty interval of YORP to −1.0 × 10 −8 < υ < 1.5 × 10
, which is about 2-3 times tighter than inĎurech et al. (2012) . Because the data set is dominated by the more recent lightcurves, the discrepancy between the data and the model are most pronounced for the 1978 and 1981 lightcurves. We also updated the spin pole orientation and decreased its uncertainty (compared to the rather large uncertainty of pole direction inĎurech et al. 2012):
Comparison with the theoretical model
Here we estimate how the detected change in rotation rate for (161989) Cacus, its tentative value for (1685) Toro, and limits set in the (2100) Ra-Shalom case agree with the theoretical expectations from the YORP effect. The analysis of (3103) Eger was already presented byĎurech et al. (2012) . We also reevaluate the observational constraints of the Yarkovsky effect for these asteroids and compare them with our model. This is not a straightforward task. First, it requires a thermophysical model of the analyzed asteroid, which depends on a number of poorly known parameters. Second, it has been recognized that the YORP strength is sensitive to small-scale irregularities of the asteroid shape, which are far beyond the resolution of our coarse convex models (e.g., Vokrouhlický et al. 2015, and references therein) . In this situation we decided to adopt the simplest possible model and leave the door open for further improvements in the future. As a consequence, the real uncertainties of our theoretical predictions A&A proofs: manuscript no. YORP_detections are larger than the formal ones corresponding to the uncertainty of the input parameters.
In particular, we use the one-dimensional heat diffusion model ofČapek & Vokrouhlický (2004) anď Capek & Vokrouhlický (2005) . This approach is able to treat the self-shadowing of surface facets. However, this capability is not implemented in our computation where we only use a coarse convex model from lightcurve inversion techniques. We treat each facet independently and the time-dependent heat diffusion propagates to the depth below the surface. We assumed that the core is isothermal and treat the surface boundary condition in its nonlinear form (e.g., Čapek & Vokrouhlický 2004; Čapek & Vokrouhlický 2005) . The formulation requires setting the values of the surface thermal conductivity K, density ρ s , and heat capacity C. These quantities are also traditionally combined into the surface thermal inertia Γ = √ Kρ s C. If the surface is known down to small scales (centimeters to decimeters), there are more complications to affect the YORP strength: (i) shadowing and mutual thermal irradiation of the surface facets (e.g., Rozitis & Green 2012 , 2013 and (ii) thermal communication of the surface facets (e.g., Golubov & Krugly 2012; Ševeček et al. 2016) . While these effects have limited influence on the accuracy of the global thermal acceleration (the Yarkovsky effect), they can significantly change the global (161989) Cacus shown with the synthetic lightcurves produced by the best-fit constant-period model (blue) and with YORP (red). The geometry is described by the aspect angle θ, the solar aspect angle θ 0 , and the solar phase angle α. thermal torque (the YORP effect). Overall, the self-irradiation tends to decrease the magnitude of the YORP effect (e.g., Rozitis & Green 2013) , while the thermal communication of the surface facets introduces a systematic trend that accelerates the rotation instead of decreasing it, as caused by the YORP effect (e.g., Golubov & Krugly 2012) . So the typical mismatch arising from the simplified approach using a smooth, convex shape model is overprediction of the YORP strength, and apparent symmetry in acceleration and deceleration of the rotation rate (e.g., Čapek & Vokrouhlický 2004) . Because the thermal effects take place only in the thin surface layer (typically ≤ 1 m), the isothermal core bulk density ρ b is the next parameter that needs to be specified. Finally, our model requires an equivalent size D of the asteroid (i.e., diameter of a sphere with the same volume as the asteroid), the orientation of the spin axis, and the rotation period. The last two are taken from our solution in Sect. 2, and the size is estimated from infrared observations or radar data. Once the thermal model converges to the solution of the surface temperature distribution at any time during the revolution about the Sun, we can use the converged solution to compute both thermal force and torque. By numerically averaging over one revolution about the Sun, we derive estimates of the Yarkovsky and YORP effects. The former is represented with a single parameter, namely the secular change in semimajor axis (da/dt) mod , and the latter with the secular change in the rotation rate υ mod = (dω/dt) mod . The YORP effect in obliquity is too small to be directly observed and is not reported here. The Yarkovsky (da/dt) mod value depends on the surface thermal inertia value Γ, while the YORP υ mod value does not A&A proofs: manuscript no. YORP_detections (e.g., Čapek & Vokrouhlický 2004) . We note that our model does not include the YORP component due to the directly reflected sunlight in optical band. This would require additional unconstrained parameters to be set (e.g., Breiter & Vokrouhlický 2011) . Given the rather small value of the surface albedo, we consider this approximation at the level of neglected effects of surface self-irradiation or lateral thermal communication of the surface facets mentioned above.
Finally, we mention straightforward scaling rules for the size D and bulk density ρ b (e.g., Vokrouhlický et al. 2015) :
). In what follows we use their nominal values, but our results can be easily recalibrated.
(1685) Toro
We used our nominal values D = 3.5 km, (λ, β) = (71
• , −69
• ), and P = 10.19782 hr from Sect. 2.2, and the bulk density of 2.5 g cm , appropriate for the S-type spectral classification of this body. A sufficiently large range of the the thermal inertia values Γ was also scanned to see dependence of the Yarkovsky effect on this parameter.
For the YORP effect, we obtained a nominal value υ mod ≃ 10.9 × 10 −9 rad d −2 . This is somewhat larger, factor ≃ 3.6, than the observationally hinted value υ ≃ 3.0 × 10 −9 rad d −2 , though the latter is quite uncertain in this case. This is the expected level of mismatch due to approximations mentioned above. Nevertheless, there is again a consistency in the possible acceleration of the rotation rate.
Toro has been fortuitously observed by radar on several of its close approaches to the Earth and also has a very long arc of 68 years over which the optical astrometry has been collected. Therefore, in spite of this asteroid's large size, the Yarkovsky effect has been detected fairly well. Our optical data revision, and radar astrometry from January 2016 added to the data set, yield da/dt = −(1.38 ± 0.32) × 10
. This is in a very good agreement with the predicted (da/dt) mod value shown in Fig. 9 . The bulk density between 2 and 2.5 g cm −3
is the expected value for the S-type spectral classification of this body.
(161989) Cacus
We used our nominal values D = 1 km, (λ, β) = (254
• , −62
• ), and P = 3.755067 hr from Sect. 2.3. The uncertainties on the pole position and rotation period have a negligible effect on our results. We also set a bulk density ρ b = 2.5 g cm −3
, appropriate for the Q-type classification of this body (Thomas et al. 2014; Scheeres et al. 2015) , and sampled the surface thermal inertia range from Sect. 2.3. With this set of parameters, we obtained υ mod ≃ 4.5 × 10 celeration of the rotation rate, our theoretical value is about a factor ≃ 2.4 higher than the observed value.
We also used optical astrometry of (161989) Cacus available to date and determined da/dt = −(1.6 ± 3.3) × 10 from Nugent et al. (2012) , both of which are compatible with non-detection of the Yarkovsky effect. Figure 10 shows the computed (da/dt) mod val- Fig. 11 . Same as in Fig. 9 , but for asteroid (2100) Ra-Shalom. Here again, the Yarkovsky effect has been fairly well determined thanks to multitude of radar observations in five apparitions. The vertical dashed line indicates the estimated high thermal inertia of Ra-Shalom's surface from Delbó et al. (2003) and Shepard et al. (2008) . The three theoretical curves correspond to bulk densities of 1.3, 1.7, and 2 g cm −3 .
ues as a function of Γ. Therefore, the current non-detection is very well explained by the small expected (da/dt) mod value.
(2100) Ra-Shalom
In this case we used our derived rotation state parameters from Sect. 2.4 and assumed nominal size D = 2.3 km from Shepard et al. (2008) . The spectral classification of this object is somewhat unclear. Binzel et al. (2004) and Bus & Binzel (2002) classify it as a C-or Xc-type body, but Shepard et al. (2008) give it K-type classification. In this situation, we assume 1.7 g cm −3
bulk density, but if higher or lower values turn out to be more appropriate it is necessary to use the recalibration rules mentioned above.
With our nominal values we obtained υ mod ≃ −10.0 × 10 −8 rad d −2 . Interestingly, the much reduced uncertainty interval for the pole orientation from our solution in Sec. 2.4 (compare withĎurech et al. 2012 ) now allows us to consistently predict the deceleration of the rotation rate for this asteroid. This is intriguing because it would be the first case of this sort. We note, however, that caution should be taken so as not to jump to conclusions. First, the observations only allow us to constrain υ to an interval that is compatible with a zero value. Second, our simplified model seems to overpredict the YORP strength by nearly an order of magnitude. This may be partly due to the assumed low density or small size, but also due to missing self-heating effects in our solution. Additionally, the lateral conduction in surface irregularities may be fine-tuned to cancel the negative υ value from our model. We conclude that more observations are needed to first set more meaningful constraints on υ in this complicated case before proceeding further with theoretical implications.
Unlike the YORP effect, the Yarkovsky effect has been fairly well detected in the orbit of Ra-Shalom. This is again due to very fortuitous circumstance of many radar observations, in this case during five different close approaches to the Earth. Our revision of the data yields da/dt = −(2.21 ± 0.72) × 10 , somewhat smaller than the value reported by Nugent et al. (2012) and Farnocchia et al. (2013) . We suspect the difference is due to new observations and the more recent statistical treatment for optical data we adopted here (Farnocchia et al. 2015; Vereš et al. 2017) . Figure 11 shows that the agreement with the predicted value (da/dt) mod is fairly good, provided slightly higher than nominal density (and/or larger size) is assumed. This may also help to alleviate the disagreement between the estimated υ mod value and the limits on υ from observations.
Conclusion
In addition to the five asteroids for which YORP has already been detected: (1620) Geographos, (1862) Apollo, (3103) Eger, (25143) Itokawa, and (54509) YORP (see Vokrouhlický et al. 2015 , and references therein), we have another clear detection for (161989) Cacus and a hint for YORP in asteroid (1685) Toro. Another recent YORP detection is for asteroid Bennu (Nolan et al., 2017, ACM abstract) . A striking feature of these detections is that all the dω/dt values are positive, which means that for all these asteroids the rotation is accelerated. If there were the same number of asteroids with positive and negative υ values, the probability of all seven having the same sign just by chance would be (1/2) 6 ≃ 1.6% (or 0.8% with eight of the same sign, if we include Toro). This low probability might mean that there is an asymmetry between accelerating and decelerating asteroid rotations with a preference for those that spin up. One of the possible mechanisms that would be consistent with this scenario is the transverse heat transport through surface boulders that always leads to acceleration (Golubov & Krugly 2012) and may have the same order of magnitude as the classical YORP (Ševeček et al. 2015) . However, this is still small-number statistics and our sample can be affected by selection bias. It is therefore crucial to significantly enlarge the sample of asteroids with a YORP detection.
A direct observational hint about the asymmetry with which YORP prefers to accelerate the rotation of small asteroids would have other interesting implications. For instance, Pravec et al. (2008) (see also updated data in Vokrouhlický et al. 2015) showed that small main-belt and Hungaria asteroids have a rotation-rate distribution that is flat except for an overabundance of slow rotators. This data set may be nicely explained with a YORP-relaxed population, but the significant amount of slowly rotating bodies requires that YORP also decelerates the rotation of asteroids. The relative abundance of slow versus fast rotating bodies in the Pravec et al. (2008) model directly constrains how long asteroids remain in the state of slow rotation before they re-emerge back to regular rotation rates. 
